Abstract: In this paper, we proposed a cavity containing colloidal ferrofluids to enhance the Goos-Hänchen (GH) shifts of reflected and transmitted light beams. By optimizing the parameters of the cavity, the resonance inside the cavity was strengthened, and we obtained huge GH shifts. Magnetocontrolled negative GH shifts have been also analyzed. We found that a suitable cavity with optimized structural parameters can enhance the effect of the GH shifts on ferrofluids, which have an extremely small volume parameter and a small shell thickness parameter. Numerical simulations confirm the theoretical analysis. This paper has considerable potential for applications such as magnetic field sensors and optical switches.
Introduction
When a light beam is completely reflected at the interface between two different media, there is an extremely small lateral shift between the completely reflected light beam and the incident light beam. This lateral shift is well known as the Goos-Hänchen (GH) shift. The GH effect has many interesting applications. For example, in optical heterodyne sensors, the GH shift can be used to measure refractive indices, beam angles, temperature, displacement, and film thicknesses [1] . GH shifts have been studied under many different circumstances, such as in absorptive media [2] , nonlinearities [3] , chiral media [4] , multilayered structures [5] , and photonic crystals [6] . For applications in sensor devices, manipulation of the GH shift is vital. To this end, various schemes to control the GH shift by using the electric field, light field and temperature have been proposed [7] - [14] . For example, Hou et al. discussed the tunable bistable shifts for one-dimensional photonic crystals containing a nonlinear defect [7] ; Chen et al. investigated the tunable lateral shift of the transmitted light beam through electro-optic crystals, based on the Pockels effect [8] ; Wang et al. proposed manipulating the GH shift of a light beam via a coherent control field [9] ; Wang et al. analyzed the tunable positive and negative lateral shifts for reflection from a prism-waveguide coupled system with a nematic liquid crystal slab [10] ; Gao et al. investigated the tunable lateral shift through nonlinear composites of nonspherical particles [11] ; Zhao et al. investigated the temperature-dependent GH shift for an electromagnetic wave reflected from a metal/dielectric composite material [12] ; Ziauddin et al. reported coherent control over the GH shift in a fixed configuration or device via superluminal and subluminal wave propagation [13] ; and Luo et al. proposed a depletion-type device was proposed to control the GH shift of a light beam via external voltage bias [14] .
The magneto-controlled GH shifts are not included in the aforementioned investigations. However, controlling the lateral shift via a magnetic field has several advantages. First, the control system and the controlled system without contact can achieve mutual separation. Second, if the magnetic field is produced by permanent magnets, the control system would be simple and consume less energy, which could be particularly important in the design and manufacturing of alloptical devices. Many important magneto-optical devices have been developed by applying the magnetically tunable properties of ferrofluids, such as magnetic field sensors and optic switches. Before we realize control of the lateral shift with a magnetic field, a material with its optical properties that can respond to an external magnetic field must be utilized. A suitable material with controllable electromagnetic properties might offer a greater variety of behaviors in terms of the lateral shifts. In this respect, ferrofluids might be a desirable candidate. Gao et al. investigated optical negative refraction in ferrofluids with magnetocontrollability [15] . Wang et al. reported the observation of an all-optically tunable GH shift due to the microstructure transition of a ferrofluid in a symmetrical metal-cladding waveguide [16] . They further illustrated that the optical tunability of the GH shift can be easily realized by the light-induced microstructure transitions of ferrofluids in the symmetrical metal-cladding waveguide. Fu et al. studied a large and negative GH shift with magneto-controllability based on a ferrofluid [17] . Here, the ferrofluid presents Isotropic optical properties for the external magnetic field parallel to the medium interface. In this paper, we discuss magneto-controlled lateral shifts in terms of the probe beam, which is incident on a cavity containing two walls of some dielectric medium and an intra-cavity medium of ferrofluid. We use ferrofluids as the intra-cavity medium in this study because of their absorption effect and anisotropy [15] . We proposed and optimized a cavity configuration that can enhance the effect on lateral shifts to control the GH shifts of reflected and transmitted beams with the application of an external magnetic field perpendicular to the medium interface. The results indicate that the resonant conditions of the cavity system are expected to be changed dramatically by modifying the effective permittivity tensor of the cavity. Therefore, it is expected that GH shifts of the probe beam can be easily controlled by adjusting the external magnetic field.
Theoretical Analyses

Model of the Cavity Structure Containing a Ferromagnetic Intra-Cavity
The system considered in this paper is schematically illustrated in Fig. 1 , in which a transversemagnetic (TM)-polarized probe light beam with angular frequency ! p is incident on a cavity from vacuum with permittivity 0 ¼ 1. We can clearly observe from Fig. 1 that the cavity is a layered structure consisting of layers 1 and 3 which are acting as walls of the cavity, and layer 2 which is the intracavity medium. The probe light beam is incident from the air onto a slab at an angle of along the z axis. Layers 1 and 3, with the same thickness d 1 and permittivity 1 , are nonmagnetic dielectric media. Layer 2 is the ferromagnetic material with the thickness d 2 and the effective permittivity tensor 2 .
However, the ferrofluid of layer 2 is particularly notable because of its special character. In our model system, the ferrofluid, which is a core-shell structure composing of ferromagnetic nanoparticles coated with a nonmagnetic shell, is dispersed in the carrier fluid (water) [18] . The permittivity 2 is considered to be the effective dielectric tensor. Each core-shell nanoparticle is formed by a spherically isotropic Fe 3 O 4 nanoparticle coated by spherically isotropic Ag. The nanoparticle cover capping layer is a type of surfactant used to prevent the nanoparticles from aggregating due to van der Waals and magnetic forces. Thus, the nanoparticles will form chains along the dominant direction of H e due to the ferrofluid response to an external applied magnetic field H e . Experimental results [19] , [20] demonstrated that columns form with equal spacing in confined ferrofluid films in the presence of an in-plane H e . To experimentally realize this feature, the most important point is that the ratio between magnetic energy and thermal energy must be sufficiently high, which causes the formation of chains and/or columns. The magnetic nanoparticles aggregate into a periodic microstructure due to the competition between the dipolar interaction energy of two nanoparticles and the thermal energy [21] resembling a grating. Therefore, when incidence couples to the leaky mode of the ferrofluid layer, strong energy flow inside the cavity exists, and thus, a giant lateral shift can be realized. When the leaky mode is a negatively propagating mode (i.e., the energy flow is anti-parallel to the wave vector of the mode), a negative lateral shift is expected.
Theoretical Model for the GH Shift
When a probe light beam with angular frequency ! p is incident on a cavity, the reflected and transmitted light beams will deviate from the paths usually expected from geometrical optics. For an incident light beam with a large beam waist (i.e., narrow angular spectrum, Ák ( k ), according to the stationary phase theory [5] , [22] , the lateral shifts of the reflected or transmitted beam can be expressed as [9] 
where ¼ 2c=! is the wavelength, and r ;t is the phase. Generally, the reflection or transmission coefficients can be expressed as Then, we can express the lateral shifts of the reflected and transmitted beams as [9] 
Equation (4) has been adopted to investigate the GH shift for absorption materials. We can clearly observe from Eq. (4) that the reflection and transmission coefficients are necessary to find the GH shifts, in there, and we can use a transfer matrix to clearly determine these parameters. For a TM-polarized beam (the case of a TE-polarized beam can be discussed in a similar way), the electric and magnetic fields that are propagating through the layered medium from the incident surface to the output end can be related to each other via a transfer matrix [9] , [23] 
where
vacuum, and c is the velocity of light in a vacuum. q j ¼ ck j z =ð! x Þ, j represents the jth layer, and d j is the thickness of the medium. Then, the total transfer matrix of the cavity can be calculated as follows:
where M j is a unimodular matrix, and j ¼ 1; 2; 3. Then, using the total transfer matrix, the reflection and transmission coefficients can be obtained as [9] 
and
where k y is the y component of the wave vector, q 0 ¼ k z =k , and Q ij are the elements of the matrix Qðk y ; ! p Þ.
Effective Permittivity Tensor of the Core-Shell Ferrofluids
Gao et al. [15] demonstrated that the ferrofluids should be of anisotropic or isotropic nature due to the different proportions in the ratio of magnetic energy to thermal energy. At optical frequencies, the permeability of natural materials can be taken as unity, and therefore, the effective permeability of the ferrofluid system is approximately unity. In the quasistatic approximation, we can utilize the anisotropic form of the effective medium approximation (EMA) [24] to calculate the effective permittivity tensor 2 with three nonzero diagonal components x ; y , and z given by [15] 
where h is the permittivity of water, and p is the volume fraction of the coated nanoparticles. e denotes the equivalent permittivity of the coated nanoparticle. It can be given by [25] 
, r 1 is the radius of the core ðFe 3 O 4 Þ with permittivity f , and d is the thickness of the shell (Ag) with permittivity a (here, we set r 1 ¼ 10 nm). For Eq. (9), we have modeled an individual chain as a spheroid with g x (shape factor perpendicular to H e ) and g z (shape factor along H e ) [15] , [26] . They satisfy a geometrical sum rule g z þ 2g x ¼ 1 [15] , [27] . g z is given by a simple approximation [28] 
where n ! 2. In reality, n is proportional to the ratio of magnetic energy to thermal energy (a lowest-order assumption). In general, n will be used to equivalently represent the strength of the magnetic field H e . A higher H e yield corresponds to a larger n [29] . Apparently, n ¼ 1 or g z ¼ 1=3 when H e ¼ 0. In this case, the nanoparticles are suspended in the ferrofluid system randomly, resulting in an isotropic effective permittivity. Note that the EMA Eq. (9) has included energy dissipation related to absorption. However, because of the small scattering cross-section of a chain with respect to an incident wavelength, the effect of scattering is assumed to be negligible. According to [15] , the angles of refraction for the wave vector k and Poynting vector S are k ¼ tan À1 ðk x =k z Þ and s ¼ tan À1 ðk x xx =k z zz Þ, respectively. The effective refractive index can be calculated by sin=sin s , where is the angle of the incidence. We assume that Fig. 2(a) , the effective refractive index of a ferrofluid becomes negative at a certain incident angle when the volume factor reaches a critical value. Then, as the volume factor increases, the absolute value of the real part of the refractive index also increases. When the volume factor is approximately 0.5, the absolute value of the real part of the refractive index reaches its maximum and then decreases. As shown in Fig. 2(b) , when the volume factor is less than 0.2, the imaginary parts of the refractive index are very small; however, when the volume factor is greater than 0.2, the imaginary parts exhibit an abrupt increase. In the following, we primarily focus on research on lateral shifts when the real parts of the effective refractive index of ferrofluids are positive and the imaginary parts are very small.
Results and Discussion
Control of the GH Shifts With Magnetic Field
Now we discuss the controllable lateral shifts of the cavity containing colloidal ferrofluids in detail by applying a magnetic field. We assume that the wavelength of the incident TM wave is 758 nm. At this wavelength, the measured permittivity of the Ag thin film (shell) is a ¼ À20:61 þ 1:27i [30] , the measured permittivity of the Fe 3 O 4 (core) is f ¼ 4:8 þ 2:2i [31] , and the permittivity of the isotropic host environment (water) is h ¼ 1:77. From Eq. (10) we can calculate the equivalent permittivity of the coated nanoparticle e . Then, the effective permittivity tensor 2 with three nonzero diagonal components x ; y ð¼ x Þ and z can be calculated from Eq. (9), and 3(a) shows the dependence of the absolute value of the reflection coefficient and transmission coefficient on the different incident angles, and Fig. 3(b) plots the GH shifts of reflected light and transmitted light versus the incident angle . As shown in Fig. 3(a) , the peak values of the reflection coefficient and transmission coefficient appear in the resonance angles, and the peak value of the reflection coefficient increases with the incident angle . However, the peak value of the transmission coefficient decreases with the incident angle . As shown in Fig. 3(b) , the GH shift of the reflected light near the resonant angles is negative and equal to dozens of wavelengths; however, the GH shift of the transmitted light is positive and equal to only several wavelengths near the same resonant angles.
In Fig. 4 , we plot the dependence of the GH shifts on the incident angle under different n values. This figure shows that the GH shifts are strongly dependent not only on n but also on the incident angle. The higher the strength of the magnetic field is, the larger the GH shifts are on the resonance angles. The GH shifts are dependent on n because the shape factors g x ;z vary with the strength of the magnetic field H e . This variation modifies the effective permittivity tensor of the cavity containing the colloidal ferrofluid, and we observe the manipulation effect of the magnetic field H e on the GH shifts. Using this effect, without changing the structure of the cavity, we can easily manipulate the GH shifts of the reflected light and transmitted light via an external magnetic field. To explain from another perspective, the magnetic nanoparticles aggregate into a periodic microstructure under the external magnetic field. Consequently, strong energy flow inside the cavity exists when incidence couples to the leaky mode of the ferrofluid layer. Thus, a giant lateral shift can be realized. When the energy flow is anti-parallel to the wave vector of the leaky mode, a negative lateral shift is expected.
To specifically analyze the control effect of the magnetic field H e for the fixed cavity structure, we plot the GH shift of the reflected beam versus the equivalent magnetic field intensity factor n under different incident angle in Fig. 5 . This figure shows that in the fixed cavity structure, at a certain incident angle around the resonance angle, the GH shift does not exhibit continuous monotonous changes with increasing magnetic field intensity. The absolute value of the GH shift first increases with increasing magnetic field intensity and then rapidly decreases (that is, it reaches a peak at some magnetic field intensity). Finally, it approaches a constant. Furthermore, the magnetic field intensities corresponding to the peak GH shift are not the same for the different resonant angles.
Optimization of the Cavity Structure Parameters for Lateral Shifts
In the discussions on the control of the GH shifts with a magnetic field, we assume that the cavity structure parameters are d 1 ¼ 0:2 m, 1 ¼ 1, and 1 ¼ 2:22. These parameters are assumed arbitrarily but are not the optimal parameters. Below, we optimized the cavity parameters (d 1 and 1 ) to values that make the lateral shifts reach a maximum when the other parameters are all same. First, in the Fig. 6 , we plot the lateral shifts versus the thickness of the walls at different incident angles, assuming that the permittivity and permeability of the walls are fixed. It is demonstrated that the lateral shifts are enhanced and change almost periodically with increasing thickness. Furthermore, as shown in Fig. 4 , when the incident angle is larger, the maximum lateral shifts that can be reached are smaller. We can select the thickness of the walls according to this response and the production process requirements. Second, after choosing d 1 ¼ 0:22 m and ¼ 18:1 , as shown in Fig. 6(a) , we optimize the real parts of the cavity walls permittivity 1 when the imaginary part of 1 is a different value. In Fig. 7 , we plot the lateral shifts versus the real parts of 1 . We observed that the lateral shifts reached a maximum (negative or positive) at the same real parts of 1 , which has been assumed to have four different imaginary parts. As shown in Fig. 7(a) , when the real parts are 2.24, 10.26, and 25, respectively, D r reached the negative maximum. Fig. 7(b) shows that when the real part of 1 is À5, the maximum positive value of D t can be obtained. Moreover, when the wall is metal (the real part of 1 is negative), D r is small, but a larger D t can be obtained. In contrast, when the wall is not metal, a huge negative D r can be achieved.
Finally, we optimize the imaginary parts of the cavity wall permittivity 1 with the same additional other parameters as Fig. 7 when the real part of 1 is some different value. In Fig. 8 , the GH shift behaviors for the imaginary parts of 1 at different real parts are plotted. We observed that, when the real part of 1 is positive, the reflected beam can have a large negative GH shift. When the real part of 1 is negative, the transmitted light can cause a huge positive GH shift. When the imaginary part of 1 is smaller (i.e., smaller absorption), the light beam obtains greater GH shifts. After optimizing the wall structure, we can find a suitable material to obtain huge GH shifts. 
Numerical Simulations of Lateral Shift in Real System
In the above discussions, we have obtained the results based on the stationary-phase theory [5] , [21] , in which the incident probe beam is assumed to be a well-collimated beam. In the following, we will perform numerical simulations for an incident probe beam with a finite width (i.e., a Gaussian profile). According to the method described in [9] , we can simulate the reflection process of a Gaussian-shaped probe beam passing through a cavity structure system under applied an external magnetic field. At the plane of Z ¼ 0, the electric field of the reflected probe beam can be written as [32] 
and the electric field of the incident probe beam can be described by the integral form 
where Aðk y Þ ¼ ðw y = ffiffiffi 2 p Þexp½Àw 2 y ðk y À k y 0 Þ 2 =4 the initial angular spectrum distribution of the Gaussian-shaped probe beam with an incident angle , w y ¼ w =cos, k y 0 ¼ k sin, and w is the half-width of the probe beam at the incident plane of Z ¼ 0. Fig. 9 . presents the numerical simulation results of the TM-polarized reflected light beams from the cavity structure under different controlling magnetic fields for half-width w ¼ 500. We reach the same conclusions as those in Fig. 5 . Hence, it is also shown that the lateral shift of the reflected probe beam can be controlled with an external magnetic field for the fixed cavity structure.
Conclusion
In this paper, we have proposed a cavity containing a colloidal ferrofluids to enhance the GH shifts of a light probe beam. The cavity structure parameters have been optimized to obtain huge GH shifts. By adjusting the intensity of the magnetic field at a particular incident angle, the effective permittivity tensor of the cavity can be changed, and hence, the lateral shifts are dynamically tuned. Through theoretical calculations and simulations, we obtain tunable large negative lateral shifts. The effect of the lateral shift has considerable potential for applications such as magnetic field sensors and optic switches. 
